Brain size is precisely regulated during development and involves coordination of neural progenitor cell proliferation, differentiation, and survival. The adapter protein ShcA transmits signals from receptor tyrosine kinases via MAPK (mitogen-activated protein kinase)/ ERK (extracellular signal-regulated kinase) and PI3K (phosphatidylinositol 3-kinase)/Akt signaling pathways. In the CNS, ShcA expression is high during embryonic development but diminishes as cells differentiate and switches to ShcB/Sck/Sli and ShcC/N-Shc/Rai. To directly test ShcA function in brain development, we used Cre/lox technology to express a dominant-negative form of ShcA (ShcFFF) in nestin-expressing neural progenitors. ShcFFF-expressing mice display microencephaly with brain weights reduced to 50% of littermate controls throughout postnatal and adult life. The cerebrum appeared most severely affected, but the gross architecture of the brain is normal. Body weight was mildly affected with a delay in reaching mature weight. At a mechanistic level, the ShcFFF microencephaly phenotype appears to be primarily attributable to elevated apoptosis levels throughout the brain from embryonic day 10.5 (E10.5) to E12, which declined by E14.5. Apoptosis remained at normal basal levels throughout postnatal development. Proliferation indices were not significantly altered in the embryonic neuroepithelium or within the postnatal subventricular zone. In another approach with the same nestin-Cre transgene, conditional deletion of ShcA in mice with a homozygous floxed shc1 locus also showed a similar microencephaly phenotype. Together, these data suggest a critical role for ShcA in neural progenitor survival signaling and in regulating brain size.
Introduction
The size of the mammalian brain depends on a strictly controlled balance between cell proliferation and apoptosis. Mutations affecting either of these processes have dramatic effects on brain size. For example, null mutations of caspase-3 or caspase-9 (Kuida et al., 1996 (Kuida et al., , 1998 Pompeiano et al., 2000) cause an enlarged forebrain because of the lack of normal neural progenitor apoptosis during development. Conversely, null mutations in the proto-oncogene Ski (Berk et al., 1997) , the transcription factor AP-2 (Schorle et al., 1996) , as well as the double null mutant combination of Jnk1 and Jnk2 cause an increase in apoptosis in the forebrain accompanied by a severely reduced embryonic brain size (Sabapathy et al., 1999) .
Here, we present a new role for the adapter protein ShcA in the survival of neuronal progenitors. ShcA transmits extracellular signals from transmembrane surface receptors to mitogenactivated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) and phosphatidylinositol 3-kinase (PI3K)/Akt kinase signaling pathways (Luzi et al., 2000; Ravichandran, 2001 ).
The importance of ShcA signaling during development is demonstrated by the homozygous knock-out mouse which dies by embryonic day 11.5 (E11.5) (Lai and Pawson, 2000) . ShcA is expressed in three isoforms, p66, p52, and p46, which differ only at the N terminus; however, all three isoforms contain the distinctive modular organization of phosphotyrosine binding (PTB), proline-rich (CH1), and Src homology 2 (SH2) domains . On binding of the PTB domain of ShcA to phosphotyrosine residues on receptor tyrosine kinases, tyrosine residues in the CH1 domain, Y239, Y240, and Y317 (Gotoh et al., 1996; van der Geer et al., 1996) , are phosphorylated, providing a docking site for the Grb2/Sos nucleotide exchange factor complex, which then initiates downstream kinase signaling cascades (Rozakis-Adcock et al., 1992) .
In the brain, ShcA protein expression, determined by Western blotting, is elevated during early embryonic neural development but then decreases during later stages, and ShcA mRNA is found in proliferative areas in both embryonic and adult brains (Conti et al., 1997) . In contrast, other Shc family members, ShcB/Sck/Sli and ShcC/N-Shc/Rai, are expressed in differentiated neurons of the mature adult brain (O'Bryan et al., 1996; Pelicci et al., 1996; Conti et al., 1997; Nakamura et al., 1998; Ponti et al., 2005) . Thus, these data have led to the hypothesis that ShcA is important for proliferation of neural progenitors, whereas ShcB/Sck/Sli and ShcC/N-Shc/Rai are required for survival of mature neurons Conti et al., 1997 Conti et al., , 2001 Cattaneo and Pelicci, 1998) .
In this study, we sought to directly determine brain-specific functions for ShcA. Transgenic mice harboring a STOP cassette flanked by loxP sites downstream of the elongation factor-1␣ (EF-1␣) promoter and upstream of a dominant-negative ShcA (ShcFFF) construct (Zhang et al., 2002) were crossed with mice expressing Cre recombinase under the control of the nestin promoter and a neural specific enhancer (Tronche et al., 1999) . Our results suggest that, in the CNS, ShcA has a critical role not for the proliferation of neural progenitors but rather their survival during embryogenesis.
Materials and Methods
Animals. STOPfloxShcFFF transgenic mice, ShcA loxP/ϩ conditionally targeted mice (Zhang et al., 2002) and nestin-Cre transgenic mice (Tronche et al., 1999 ) (The Jackson Laboratory, Bar Harbor, ME) were maintained in a C57BL/6 background. Experimental animals were obtained from matings of nestin-Cre males to STOPfloxShcFFF females with the day of birth designated as postnatal day 0 (P0). Embryos were obtained from timed matings with the morning of vaginal plug detection defined as E0.5. All animals were handled in compliance with the University of Virginia's Animal Care and Use Committee guidelines.
DNA extraction and PCR. Tail biopsies from transgenic animals were obtained at the time of weaning or experiment, and genomic DNA was extracted using the DNeasy kit (Qiagen, Valencia, CA) for genotyping via PCR. Transgenes were detected with the following primers under standard PCR conditions: cre (ϩ), gcggtctggcagtaaaaactatc; cre (Ϫ), gtgaaacagcattgctgtcactt; ShcFFF (ϩ), tcctaagcttgatggaattgga; ShcFFF (Ϫ), cgggaagtcattaaagaactgatggt; ShcFlox (ϩ), cagccggccaactctaag; and ShcFlox (Ϫ), gccctcggacagagcaatcatgtc. For control PCRs, the native IL-2 gene was detected using the following primers: IL-2 (ϩ), ctaggccacagaattgaaagatct; and IL-2 (Ϫ), gtaggtggaaattctagcatcatcc.
For DNA isolation from fixed embryonic tissue, 16-to 20-m-thick tissue sections were dewaxed in xylenes and rehydrated through an alcohol series into 1ϫ PBS. Using a dissection microscope for easy visualization, all non-neural tissue was carefully removed from the slide in 1ϫ PBS using a pipette tip and moved into a Microfuge tube. The slide with the remaining neural tissue was rinsed gently in PBS to remove residual non-neural tissue. The neural tissue was then scraped from the slide in a similar manner and placed into a separate Microfuge tube. Both neural and non-neural tissues were pelleted by gentle centrifugation, and the PBS was removed. The tissue pellets were lysed in DNA extraction buffer (150 mM NaCl, 25 mM EDTA, 0.5% Tween 20, 0.5 g/l Proteinase K) overnight in a 55°C water bath, and then heat denatured at 80°C for 1 h with the resulting lysate used directly in PCRs. To detect the presence of the STOP cassette in ShcFFF transgene-containing mice, the following primers were used under standard PCR conditions: STOP (ϩ), gcctcatcatcactagatgg; and STOP (Ϫ), ttacggaataccacttgcc. For control PCRs, the native IL-2 gene was detected as described above.
5-Bromo-2Ј-deoxyuridine injections. Postnatal animals were injected with 5-bromo-2Ј-deoxyuridine (BrdU) (Sigma, St. Louis, MO) intraperitoneally in a regimen of three doses of 75 mg/kg of body weight every 2 h and killed 24 h from the first injection. Pregnant females were injected intraperitoneally with a single dose of BrdU at 100 mg/kg and killed 6 h later. Animals were killed with a lethal dose of nembutol and perfused through the left ventricle with 10 ml of 1ϫ PBS followed by 10 ml of 70% ethanol. Embryos and postnatal brains were dissected and postfixed in 70% ethanol, embedded in paraffin, and then sectioned in the sagittal or coronal planes. Six-micrometer sections were cut on a microtome for tissue staining and 16 -20 m sections were cut for DNA isolation. For cytochrome oxidase and Cux-1 staining, 40 m sections were cut using a freezing microtome. Human brain samples were procured from archival autopsy tissue at the University of Virginia's Department of Pathology under an approved protocol. Brain tissue was chosen from autopsy patients with nonneurological causes of death.
Immunohistochemistry. Paraffin sections were dewaxed, rehydrated, and blocked in either 2% normal goat or horse serum in PBS plus 0.1% Triton X-100. Primary antibodies were incubated overnight at 4°C and diluted in the blocking solution and used at the following dilutions: BrdU (1:2000; Sigma), ShcA (1:500; BD Biosciences, San Jose, CA), nestin [Rat 401, 1:50; Developmental Studies Hybridoma Bank (DSHB), University of Iowa, Iowa City, IA], cleaved caspase-3 (CC3) (1:100; Cell Signaling Technology, Beverly, MA), Cre (1:20,000; Novagen, San Diego, CA), neurofilament (2H3, 1:50; DSHB), TuJ1 (1:500; Covance, Princeton, NJ), NeuN (1:1000; Chemicon, Temecula, CA), Brn-1 (1:50; Santa Cruz Biotechnology, Santa Cruz, CA), calretinin (1:500; Chemicon), reelin (1:500; Chemicon), and Cux-1 (1:500; Santa Cruz Biotechnology). GABA A receptor subunit ␣2 was recognized by a rabbit antibody (1:200; Alomone Labs, Jerusalem, Israel). GABA A receptor subunit ␣5 was recognized by a rabbit antibody (amino acids 337-388; 8 g/ml) (gift from Werner Sieghart, Brain Research Institute, Vienna, Austria).
For fluorescent studies, Oregon Green-conjugated goat anti-mouse and rhodamine-conjugated goat anti-rabbit secondary antibodies (Invitrogen, Eugene, OR) were used at a 1:200 dilution in the blocking solution. Counterstaining of the tissue was performed using 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Sigma) at 1 g/ml. For color precipitate reactions, goat anti-rabbit and horse anti-mouse biotin-conjugated secondary antibodies (Sigma) were used at a 1:200 dilution in the blocking solution. Antibody detection was performed using the ABC (avidinbiotin complex) kit according to the manufacturer's instructions (Vector Laboratories, Burlingame, CA) with a brown diaminobenzidine reaction (DakoCytomation, Carpinteria, CA). Tissue sections were counterstained with hematoxylin. "No primary" antibody staining controls did not show any color precipitate.
Cytochrome oxidase staining was performed as described previously (Wong-Riley, 1979) .
Sections of control littermates were chosen using embryonic (Schambra et al., 1992) or postnatal (Paxinos and Franklin, 2001) brain atlases as a guide, and then sections from ShcFFF littermates were chosen based on common morphological landmarks. Images of stained tissue were captured using Adobe Photoshop 7.0. Confocal images were captured using a PerkinElmer (Wellesley, MA) UltraviewRS system attached to a Zeiss (Oberkochen, Germany) Axiovert 200 using a 40ϫ objective. Image manipulations were performed identically for both experimental and control images.
Morphometric measurements of brain structures and cortical layers. Equivalent sections of ShcFFF and control littermate brains were chosen using prenatal (Schambra et al., 1992) or postnatal (Paxinos and Franklin, 2001 ) brain atlases as described above. Structures including the striatum, hippocampus, dentate gyrus, and lateral ventricles were identified, images were captured using a 4ϫ objective, and their area was measured using NIH ImageJ 1.32j. For each animal, structures from each one-half of the brain were measured separately, and then averaged together. The area of the subventricular zone (SVZ) was calculated while performing BrdU counts as described below. For cortical layers, each layer was identified based on morphology of the neurons in each layer, and the transition between layers was noted. ImageJ was then used to measure the distance between each layer. Total thickness of the cortical wall was calculated by measuring from the top of layer 1 to the bottom of layer 6 using ImageJ 1.32j. Gross area analyses of whole brains were performed using ImageJ 1.32j to measure each indicated dimension.
Cell counts in tissue sections. At embryonic time points, equivalent sections of the forebrain and hindbrain were chosen as described above. Images of each area were recorded, and positive BrdU or cleaved caspase-3 cells were counted in a manner similar to that described previously (Gambello et al., 2003) . Briefly, five random, nonoverlapping counting boxes that were 200 m in width by the thickness of the cortex were chosen for each image. To examine cortical layering, the thickness of the cortex for each of the five random counting boxes was divided equally into five sections and labeled one through five from the ventricular to the pial surface. Positive BrdU or cleaved caspase-3 cells (brown) and the total number of nuclei (blue) were counted in each subdivided area. Because cell counting data can be confounded by systematic differences in cell size, a correction factor known as Abercrombie's formula can be applied (Abercrombie, 1946) . However, because our nuclear and soma measurements of ShcFFF and control mice revealed no differences between control and ShcFFF samples in either embryonic or postnatal brain, we did not need to apply this correction factor. Proliferation and apoptotic indices for each cortical bin were calculated by dividing the number of positive cells per bin by the total number of nuclei in the entire thickness of the cortex and multiplying by 100%. NeuN-positive cells were counted in a similar manner with no divisions in the cortical thickness. Total proliferation and apoptotic indices were calculated by dividing the total number of positive cells throughout the thickness of the cortex by the total number of nuclei in the cortex and multiplying by 100%.
For BrdU counts at postnatal time points, equivalent sections of the SVZ in the lateral wall of the lateral ventricle were chosen as described above. In the SVZ, cell counts for positively stained nuclei and total nuclei number or total area were performed using ImageJ 1.32j. In postnatal time points, four nonadjacent sections of the SVZ were counted per animal.
Graphs were generated using KaleidaGraph, version 4.02. Graphs and data are expressed as the mean Ϯ SEM. Data were statistically compared and two-tailed p values were obtained using a nonpaired t test with QuickCalc online software (GraphPad, San Diego, CA). Littermate control data were combined from the animals genotyped as containing the ShcFFF transgene alone, the nestin-Cre transgene alone, and those completely wild type.
Results
To test the role of ShcA in the developing brain, we used the conditional transgenic expression of a FLAG-tagged, dominantnegative p52ShcA transgene termed ShcFFF (Zhang et al., 2002) . This ShcFFF transgene has the three critical tyrosine residues, Y239, Y240, and Y317, mutated to phenylalanine and affects the activation of endogenous ShcA (Zhang et al., 2002) . To prevent basal expression of the dominant-negative protein, ShcFFF is located downstream of a STOP cassette flanked by loxP sites, which are specifically recognized by Cre recombinase. Cre-mediated excision of the upstream STOP cassette allows expression of the transgene from the EF-1␣ promoter (supplemental Fig. 1 A, B , available at www.jneurosci.org as supplemental material). Using the nestin promoter and neural specific enhancer located in the second intron, Cre expression occurs in the majority of neuronal and glial precursors (Zimmerman et al., 1994; Tronche et al., 1999; Mignone et al., 2004) , thereby allowing removal of the STOP cassette specifically in these cells. This approach using the nestin-Cre transgene has been used successfully to conditionally inactivate several genes in the CNS (Tronche et al., 1999; Haigh et al., 2003; Gao et al., 2004) , and reporter gene expression has been shown to occur throughout the majority of the CNS during embryonic development (Jiang et al., 2005) .
ShcA, Cre, and nestin protein expression in neuroepithelium
To localize ShcA protein expression during embryonic development, we performed immunohistochemistry at various developmental time points. We find that ShcA immunoreactivity is strongly expressed throughout the neuroepithelium at E10.5 ( Fig. 1 A) but decreases and is diffuse throughout the developing nervous system by E12 (Fig. 1 B) and with even lower expression at E14.5 (Fig. 1C) . During postnatal development, some expression persists in the proliferating SVZ ( Fig. 1 F) as well as in blood vessels ( Fig. 1 E) . No immunoreactivity was seen in mature neuropil or white matter ( Fig. 1 E) , determined by staining adjacent sections with neuronal and glial markers (data not shown). This expression pattern agrees with the previously described mRNA localization and the time course agrees with Western blotting data (Conti et al., 1997) .
In the nestin-Cre transgenic mouse, Cre protein expression is found to be highest in periventricular regions (Fig. 1 D) . Furthermore, nestin expression (Fig. 1G ) in the subventricular zone at early postnatal stages is similar to that seen for endogenous ShcA protein ( Fig. 1 F) . These observations for nestin protein and nestin-driven Cre protein expression agree with previous descriptions of nestin promoter activity (Lendahl et al., 1990; Zimmerman et al., 1994; Tronche et al., 1999) .
To compare its expression in human tissues, we stained fetal and adult brain tissue for ShcA. In human brain tissue from a 23 week fetus, ShcA immunoreactivity is found in proliferating regions such as the ventricular layer and granular zone (Fig. 1 H) . In the adult human brain, ShcA protein is observed only in the endothelium of blood vessels and is not found in neurons or glia of the adult cortex as determined by neuronal morphology and staining adjacent sections with the astroglial marker GFAP (Fig.  1 I) (data not shown). 
Excision of the STOP cassette
Mice that were doubly positive for the nestin-Cre and STOPFloxShcFFF transgenes were viable and observed at the expected mendelian ratio of 25% when sire and dam were heterozygous for the nestinCre transgene and the STOPFloxShcFFF transgene, respectively. However, we were unable to detect expression of the ShcFFF transgene using immunohistochemical and Western blotting techniques (data not shown).
Therefore, we designed primers to the STOP cassette of the ShcFFF transgene to detect the presence or absence of the STOP cassette in various tissues (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). The generation of a PCR product from these primers depends on the presence of the STOP cassette, such as in non-neural tissues of embryos genotyped with both nestin-cre and STOPfloxShcFFF transgenes or in both neural and non-neural tissues of embryos genotyped with only the STOPfloxShcFFF transgene (supplemental Fig. 1 A, C, available at www.jneurosci.org as supplemental material). A lack of a PCR product from these primers occurs when the STOP cassette is absent, such as in embryos that do not carry the STOPfloxShcFFF transgene or by excision of the STOP cassette via Cre recombinase in neural tissue of embryos genotyped with both nestin-Cre and STOPfloxShcFFF transgenes (supplemental Fig.  1 B; C, asterisks; available at www.jneurosci.org as supplemental material).
Thus, DNA was isolated from neural and non-neural tissue of E12 and E14.5 embryos and tested with the STOP cassette primers and with primers to the native IL-2 gene as a control (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material). We obtained the results described above indicating that at the DNA level the STOP cassette is removed from the neural tissue of embryos genotyped with both the nestin-Cre and the STOPfloxShcFFF transgenes (henceforth referred to as ShcFFF animals) allowing for transcription of the ShcFFF transgene. The inability to detect the protein product of the ShcFFF transgene is most likely attributable to a low level of expression. Using the same STOPFloxShcFFF mouse, Zhang et al. (2002) detected very low levels of ShcFFF expression compared with endogenous ShcA, yet observed a very strong phenotype in thymic development.
Microencephaly in ShcFFF-expressing animals
At P2, ShcFFF mice demonstrated microencephaly with brain weights reduced to one-half that of littermate controls (Fig.  2 A, AЈ) . This phenotype persisted throughout postnatal development (Fig. 2 B, BЈ) and into maturity at all time points assayed including 1 year of age (Fig. 2C) . Furthermore, at birth and during early postnatal development, there was a slight body weight difference between ShcFFF animals and their control littermates (Fig. 2 F) . This phenotype was most obvious at P21 (Fig. 2 D, DЈ) , but ShcFFF animals subsequently reached weights near those of their control littermates during maturity (Fig. 2 E, EЈ,F ) . However, at these later time points, the difference in body size was more noticeable in males than in females (data not shown) (females shown in Fig. 2 E, EЈ) .
Because the dominant-negative ShcFFF transgene could, in theory, perturb signaling through other Shc family members, we undertook an independent approach using the conditional disruption of the shc1 locus. To this end, we created animals in which ShcA was conditionally removed from nestin-expressing neural progenitors by crossing a nestin-Cre; ShcA loxP/ϩ female to a ShcA loxP/ϩ male. At P25, we observed a similar microencephalic phenotype in animals that are nestin-Cre; ShcA loxP/loxP (Fig. 2C ). These animals also had reduced body weights (Fig. 2 F) similar to the ShcFFF animals. Intriguingly, the brain size phenotype observed for the expression of ShcFFF in neural tissue was more severe than that of deleting the ShcA gene using the same nestinCre transgene. This might be attributable to the immediate effect of ShcFFF once it is transcribed after the STOP cassette deletion versus the potentially long half-life of the extant ShcA protein even after disruption of the shc1 locus via the nestin-Cre transgene. Nevertheless, a qualitatively similar phenotype between the ShcFFF and nestin-Cre; ShcA loxP/loxP animals provides strong evidence for a ShcA-specific role in the regulation of brain size.
Histological analysis of brains from ShcFFF animals revealed that, on a gross anatomic level, overall architecture and organization of the brain is normal despite its reduced size (Fig. 3A-H ) . However, on closer inspection and quantification, certain structures of these brains are more severely affected than others. Quantitative comparisons revealed differences that were statistically significant including the thickness of the cerebral cortex (Fig. 3J ) , the area of the subventricular zone (Fig. 3I ) , and the area of the striatum (Fig. 3K ) . However, other structures such as the area of the hippocampus at P2 (Fig.  3M ), dentate gyrus (Fig. 3N ) , and area of the lateral ventricles (Fig. 3L) did not have statistically significant differences. Additionally, a gross area analysis of the whole brain at P2 and postnatal year 1 revealed that the size of the cerebral cortex (58% the size of control at P2) was affected more severely in ShcFFF mice than the olfactory bulb (82% the size of control at P2) (Fig.  3O-Q) . Moreover, ShcFFF animals have no obvious abnormalities in their normal home cage behavior and are fertile and are able to raise healthy pups (data not shown).
Specific diminishment of superficial cortical layers in ShcFFF brains
To determine whether the reduction in cortical thickness was layer specific or a generalized reduction in total cortical thickness, the expression patterns of cortical layer-specific markers were examined. Brain-1 (Brn-1) (Fig. 4 A, B) and Cux-1 staining (Fig. 4G,H ) , both of which are expressed in cortical layers II through IV (McEvilly et al., 2002; Ferrere et al., 2006) as well as reelin (Fig. 4 E, F ) and calretinin (Fig. 4C,D) staining in cortical layer I (Del Rio et al., 1995) were analyzed. Additionally, cytochrome oxidase ( Fig. 4G,H ; supplemental Fig. 2 E, F , available at www. jneurosci.org as supplemental material) staining was performed to identify the barrel region of the somatosensory cortex in ShcFFF and controls. GABA A receptor ␣2 (supplemental Fig. 2 A, B , available at www. jneurosci.org as supplemental material) and GABA A receptor ␣5 (supplemental Fig. 2C ,D, available at www.jneurosci.org as supplemental material) were also examined in the somatosensory cortex.
In the somatosensory cortex, the thickness of the Cux-1-positive area (layers II-IV) as well as Cux-1-negative regions (representing layer I and layers V-VI) were quantified in ShcFFF brains and their control littermates (Fig. 4 I) . Furthermore, the whisker barrels in layer IV of the somatosensory cortex were identified by staining for cytochrome oxidase activity (Fig. 4 J-L; supplemental Fig. 2 E, F , available at www. jneurosci.org as supplemental material). The barrels in layer IV in the somatosensory cortex as well as the cortex above (representing layers I through III) and below (representing layers V through VI) were identified and the thickness of each was measured (Fig. 4 L) .
These data reveal that the entire thickness of the somatosensory cortex is reduced in ShcFFF brains (reduced to Ͻ85% of controls). However, the upper cortical Cross section through the brain near -1.8 bregma at P21 in control (E) and ShcFFF (F ) littermates. Cross section through the brain near 0.5 bregma at postnatal year 1 in a control littermate (G) and a ShcFFF animal (H ). Measured area of the SVZ (I; P2: control, n ϭ 3; ShcFFF, n ϭ 2; P21: control, n ϭ 3; ShcFFF, n ϭ 2), cortical thickness (J; P2: control, n ϭ 2; ShcFFF, n ϭ 2; P21: control, n ϭ 6; ShcFFF, n ϭ 2), areas of striatum (K; P2: control, n ϭ 7; ShcFFF, n ϭ 3; P21: control, n ϭ 3; ShcFFF, n ϭ 2), lateral ventricle (L; P2: control, n ϭ 6; ShcFFF, n ϭ 3; P21: control, n ϭ 3; ShcFFF, n ϭ 2), hippocampus (M; P2: control, n ϭ 5; ShcFFF, n ϭ 3; P21: control, n ϭ 4; ShcFFF, n ϭ 2), and dentate gyrus (N; P2: control, n ϭ 5; ShcFFF, n ϭ 3; P21: control, n ϭ 4; ShcFFF, n ϭ 2). O, Gross area analysis of P2 brains indicating the measured parameters. a, cerebellum height; b, cerebellum width; c, cerebrum height; d, cerebrum width; e, olfactory bulb height; f, olfactory bulb width. Average area calculated for the cerebrum (c ϫ d), cerebellum (a ϫ b), and olfactory bulb (e ϫ f ) at P2 (P; control, n ϭ 4; ShcFFF, n ϭ 4) and postnatal year 1 (Q; control, n ϭ 6; ShcFFF, n ϭ 8). Control littermates, filled bars; ShcFFF animals, open bars. Error bars indicate SEM. Tr, Trachea; Tg, tongue; S1, primary somatosensory cortex; CA1, CA1 region of the hippocampus; DG, dentate gyrus of the hippocampus; LV, lateral ventricle; cc, corpus callosum; CPu, caudate-putamen (striatum); ob, olfactory bulb; cb, cerebellum; Pir, piriform cortex; 3V, third ventricle; ac, anterior commissure; LS, lateral septal nucleus. Scale bars: A-D, 250 m; E-H, 100 m.
layers (layers II through IV) appear to be more dramatically affected (reduced by Ͻ60% of controls in layer IV) than layers V-VI (reduced by 92% of controls). A narrower swath of Brn-1 staining in layers II through IV (Fig. 4 A, B) and GABA A receptor staining (supplemental Fig. 2 A-D , available at www.jneurosci. org as supplemental material) in ShcFFF brains also supports this finding. Moreover, the reduction in cortical thickness in ShcFFF brains was not confined to the S1 cortex but can be seen throughout the cortex (supplemental Fig. 2G , available at www. jneurosci.org as supplemental material).
Cortical layer I does not appear to be affected in ShcFFF brains as evidenced by reelin (Fig. 4 E, F ) and calretinin (Fig. 4C,D) staining patterns.
Normal proliferation of neural precursors in ShcFFF mice
Microencephaly can result from diverse cellular mechanisms. To determine whether the reduced brain size in ShcFFF-expressing animals was attributable to a reduction in the proliferation of neural progenitors, we performed BrdU injections to mark proliferating cells at embryonic stages E10.5, E12, and E14.5 (Fig. 5) and at P2 and P21 (Fig. 6) . During the embryonic stages, proliferation was monitored at two locations, in the frontal cortex (Fig.  5 A, B, E, F, I , J ) and in the pons surrounding the fourth ventricle (Fig. 5C, D 
, G, H, K,L).
To quantify the proliferation index at these embryonic time points, the thickness of the cortex was divided in five equally sized bins, labeled 1 (nearest ventricle) through 5 (nearest pial surface), and BrdU ϩ cells and the total number of cells were counted in each. This was done to determine whether there was any difference in cortical layering in ShcFFF embryos during embryogenesis. Graphed data (Fig. 5AЈ-LЈ) represents this proliferation index as the number of BrdU ϩ nuclei in the cortical bin over the total number of nuclei throughout the entire cortical thickness. Additionally, the total proliferation index was calculated by counting the total number of BrdU ϩ nuclei throughout the entire thickness of the cortex and dividing this by the total number of nuclei in the cortical thickness.
At E10.5, there were no significant differences in the proliferation index between ShcFFF animals and their control littermates in any of the cortical bins in both the frontal cortex (Fig.  5 A, AЈ, B , BЈ) and the pons (Fig. 5C,CЈ, D, DЈ) . Additionally, total proliferation indices throughout the entire cortical thickness were unchanged between ShcFFF and control littermates in the frontal cortex (ShcFFF, 56.49 Ϯ 5.34%, n ϭ 2, vs control, 58.36 Ϯ 2.57%, n ϭ 3, p ϭ 0.7414) and in the pons (ShcFFF, 38.32 Ϯ 3.59%, n ϭ 2, vs control, 34.71 Ϯ 10.47%, n ϭ 3, p ϭ 0.8149).
Similar results were obtained between ShcFFF and control littermates at E12 for both the frontal cortex (Fig. 5 E, EЈ, F, FЈ ) and the pons (Fig. 5G,GЈ, H, HЈ) . Total proliferation indices throughout the thickness of the entire cortex at E12 were also unchanged between ShcFFF and control animals in the frontal cortex (ShcFFF, 48.64 Ϯ 1.74%, n ϭ 2, vs control, 52.93 Ϯ 4.93, n ϭ 3, p ϭ 0.5558) and in the pons (ShcFFF, 19.29 Ϯ 1.26%, n ϭ 2, vs control, 22.42 Ϯ 2.49%, n ϭ 3, p ϭ 0.4190).
At E14.5, this trend between ShcFFF and control littermates is maintained in the pons (Fig. 5 K, KЈ, L, LЈ) . However, in the frontal cortex, there is a slight, significant increase in the proliferation rate in cortical bin 4 (Fig. 5 J, JЈ) compared with littermate controls (Fig. 5 I, IЈ ). Yet the total proliferation index between ShcFFF and littermate controls remains unchanged in both the frontal cortex (ShcFFF, 36.77 Ϯ 1.65%, n ϭ 4, vs control, 32.43 Ϯ 7.09%, n ϭ 4, p ϭ 0.5732) and the pons (ShcFFF, 5.71 Ϯ 1.36%, n ϭ 3, vs control, 3.97 Ϯ 1.21%, n ϭ 3, p ϭ 0.3942).
During postnatal development, proliferation in the subventricular zone, a source of postnatal and adult neural progenitors (Alvarez-Buylla et al., 2000; Romanko et al., 2004) , was examined in ShcFFF animals and compared with littermate controls at P2 and P21 (Fig. 6) . The proliferation index (calculated as the num- and ShcFFF (F ) animals. Total number of animals examined for calretinin, reelin, and Brn-1 staining was as follows: ShcFFF, n ϭ 6; control, n ϭ 8. Cux-1 staining in the adult somatosensory cortex in control (G) and ShcFFF (H ) animals and corresponding quantification (I ). Cytochrome oxidase staining in the adult somatosensory cortex in control (J ) and ShcFFF (K ) brains. Quantification of cytochrome oxidase staining in the barrel layers (L) and of the total thickness of the somatosensory cortex (L). Total number of animals for cytochrome oxidase and Cux-1 staining was as follows: ShcFFF, n ϭ 4; control, n ϭ 5. Error bars indicate SEM. cc, Corpus callosum; str, striatum. Scale bar, 50 m.
ber of BrdU ϩ nuclei divided by the total number of nuclei or the total area of the SVZ) was unchanged between ShcFFF and littermate controls at both P2 (Fig. 6 A-C) and at P22 (Fig. 6 D-F ) . We also observed that the SVZ in ShcFFF animals was smaller when compared with littermate controls at both time points (Fig. 3I ) .
Microencephaly in ShcFFF mice is not the result of premature neuronal differentiation
To determine whether microencephaly in ShcFFF animals is the result of premature neuronal differentiation, we examined such markers via immunohistochemical staining. We expect that if premature neuronal differentiation were occurring, we would observe aberrant staining patterns in ShcFFF animals. To this end, we stained for markers of early and late neuronal differentiation including NeuN (Fig. 7A-D) , microtubule-associated protein 2 (MAP2) (Fig. 7E-H ) , neurofilament (Fig. 7I-L) , and TuJ1 ( Fig. 7M-P) at E10.5 (total number of animals observed: control, n ϭ 3; ShcFFF, n ϭ 2) and E12 (total number of animals observed: control, n ϭ 5; ShcFFF, n ϭ 3) in ShcFFF and control littermate brains. We observed these staining patterns to have a normal intensity and distribution in ShcFFF brains. Additionally, quantification of the NeuN staining pattern indicates there are no differences in the percentage of NeuN-positive nuclei between ShcFFF and control brains in either location at E10.5 (frontal cortex: ShcFFF, 0.00 Ϯ 0.00%, n ϭ 2, vs control, 0.14 Ϯ 0.08%, n ϭ 3, p ϭ 0.2546; pons: ShcFFF, 0.52 Ϯ 0.16%, n ϭ 2, vs control, 0.27 Ϯ 0.14%, n ϭ 3, p ϭ 0.3230) and E12 (frontal cortex: ShcFFF, 0.15 Ϯ 0.15%, n ϭ 3, vs control, 0.16 Ϯ 0.07%, n ϭ 4, p ϭ 0.9423; pons: ShcFFF, 10.43 Ϯ 1.22%, n ϭ 3, vs control, 8.93 Ϯ 2.65%, n ϭ 4, p ϭ 0.6680). Therefore, we conclude that premature neuronal differentiation is not the cause of the microencephaly phenotype.
Increased apoptosis in the developing neuroepithelium of ShcFFF mice
To determine whether the reduction in brain size may be a result of an increase in apoptosis, we used antibodies to CC3, the activated form of an effector molecule of the apoptotic pathway. In the developing mouse forebrain, the expression pattern of CC3 correlates well with terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL)-positive cells with the majority of CC3 ϩ cells being TUNEL ϩ (Urase et al., 2003) . However, there are reports that CC3 staining does not always correlate with apoptosis; yet, in these special cases, the CC3 ϩ cells do not have any other characteristics consistent with apoptosis such as chromosome condensation, DNA fragmentation, or TUNEL staining (Yan et al., 2001; Lossi et al., 2004; Oomman et al., 2004) .
We noted the presence of condensed and pyknotic nuclei in the nervous tissue of ShcFFF embryos but not in their control littermates (Fig. 8 E-H, DAPI-stained insets; Fig. 7CЈ ,GЈ,OЈ, ar- F ) and the pons (G, H ) in control littermates (E, G) and ShcFFF animals (F, H ) at E12. Associated average binned proliferation indices for the frontal cortex (E, F) and the pons (G, H) for control littermates (filled bars, E, G; n ϭ 3) and ShcFFF animals (open bars, F, H; n ϭ 2). BrdU staining of the frontal cortex (I, J ) and the pons (K, L) in control littermates (I, K ) and ShcFFF animals (J, L) at E14.5. Associated average binned proliferation indices of the frontal cortex (I, J) and the pons (K, L) in control littermates (filled bars, I, K; n ϭ 4, frontal cortex; n ϭ 3, pons) and ShcFFF animals (open bars, J, L; n ϭ 4, frontal cortex; n ϭ 3, pons). An asterisk indicates significant p values ( p Ͻ 0.05) for comparisons of data between ShcFFF and control littermates for the same cortical bin and brain locations. In all panels, the ventricle is located to the top of the panel and a dashed line indicates the pial surface. Arrow, BrdU-negative nuclei; arrowhead, BrdU-positive nuclei. Scale bars, 50 m.
rows; supplemental Fig. 3A-D , available at www.jneurosci.org as supplemental material). We find such nuclei to be positive for CC3 (supplemental Fig. 3C -J, arrows; available at www.jneurosci.org as supplemental material). Thus, we interpret these data as CC3 ϩ cells in ShcFFF prenatal brains being apoptotic. There are occasional pyknotic nuclei that are CC3-negative (supplemental Fig. 3E -J, arrowheads; available at www.jneurosci.org as supplemental material), indicating that CC3 staining does not necessarily mark all apoptotic cells in ShcFFF embryos. We quantified both the binned apoptotic index (Fig. 8 AЈ-LЈ) and the total apoptotic index in a similar manner as for the proliferation indices.
At E10.5, cells in the frontal cortex of ShcFFF animals (Fig. 8 B) showed a slight, but not significant, increase in the number of CC3 ϩ cells in each cortical bin (Fig. 8 BЈ) and in the total apoptotic index (ShcFFF, 2.97 Ϯ 1.38%, n ϭ 2, vs control, 0.15 Ϯ 0.15%, n ϭ 3, p ϭ 0.0741) compared with littermate controls (Fig. 8 A, AЈ) . However, in the pons surrounding the fourth ventricle, there was an even larger increase in the number of CC3 ϩ cells in ShcFFF animals (Fig. 8 D) . Although these increases were not significant for all cortical bins (Fig. 8 DЈ) , the total apoptotic index showed a significant increase in ShcFFF animals (ShcFFF, 9.42 Ϯ 3.84%, n ϭ 2, vs control, 0.00 Ϯ 0.00%, n ϭ 3, p ϭ 0.0459).
At E12, the apoptotic index appeared to reach its peak. In the frontal cortex of ShcFFF animals (Fig. 8 F) , the apoptotic index (Fig. 8 FЈ) dramatically increased in all cortical bins, with the majority of apoptotic cells located from the middle of the cortex to the pial surface of the brain. In the pons of ShcFFF animals ( Fig. 8 H) , the apoptotic index (Fig. 8 HЈ) increased to peak levels, with the majority of apoptotic cells located in the periventricular area. Total apoptotic indices were increased significantly in both the frontal cortex (ShcFFF, 11.44 Ϯ 2.71%, n ϭ 3, vs control, 0.00 Ϯ 0.00%, n ϭ 3, p ϭ 0.0134) and the pons (ShcFFF, 13.43 Ϯ 4.78%, n ϭ 3, vs control, 0.06 Ϯ 0.06%, n ϭ 3, p ϭ 0.0488).
By E14.5, the apoptosis levels in ShcFFF animals were reduced to levels seen in control littermates. In the frontal cortex, the apoptotic index of ShcFFF animals ( Fig. 8 J, JЈ) was indistinguishable from that of control littermates (Fig. 8 I, IЈ) in both the cortical bins and the total apoptotic index (ShcFFF, 0.54 Ϯ 0.30%, n ϭ 4, vs control, 0.08 Ϯ 0.03%, n ϭ 3, p ϭ 0.1720). Similar results were obtained for the pons in ShcFFF animals ( Fig. 8 L, LЈ) compared with their littermate controls (Fig. 8 K, KЈ) (total apoptotic index: ShcFFF, 0.51 Ϯ 0.32%, n ϭ 4, vs control, 0.56 Ϯ 0.15%, n ϭ 4, p ϭ 0.8804).
Apoptotic cells are neural progenitors
To determine the identity and differentiated state of these apoptotic cells, double immunofluorescent staining was performed on ShcFFF embryos at E12. CC3 ϩ cells did not stain with markers for mature, differentiated neurons, such as NeuN and neurofilament (data not shown). Additionally, CC3
ϩ cells did not stain with the early neuronal marker, TuJ1 (Fig. 9 A, B) . However, the majority of CC3 ϩ cells are nestin-positive (Fig. 9C-F ) . Highpower confocal images (Fig. 9 E, F ) and stacks throughout the entire volume of these cells (supplemental movies 1 and 2, available at www.jneurosci.org as supplemental material) reveal radially arrayed, bipolar nestin-positive neural progenitors with CC3 staining. Thus, apoptotic cells in ShcFFF embryos are composed primarily of nestin-positive neural progenitors.
Discussion
Our data presented here demonstrate that ShcA has a critical role in the survival of neural progenitors during development of the nervous system. This conclusion differs from previous hypotheses that suggested that ShcA primarily plays a role in proliferation of neural precursors Conti et al., 1997; Cattaneo and Pelicci, 1998; Conti et al., 2001 ).
Specificity of ShcFFF
Dominant-negative molecules can function in a nonspecific manner with regard to isoforms and family members of the target protein. Therefore, the ShcFFF transgene is capable of interfering with the function of all three ShcA isoforms and other Shc family members. However, several lines of evidence lead us to believe that disruption of the p46 and/or p52 isoforms and not the p66 isoform, which is thought to be proapoptotic, of ShcA is the cause of our observed phenotypes.
During embryonic brain development, p66Shc expression is low, whereas the p46Shc and p52Shc isoforms are more abundant (Conti et al., 1997) . Additionally, mice lacking only the p66ShcA isoform, which is involved in oxidative stress-induced apoptosis (Pellegrini et al., 2005) , have normal sized brains, are longer-lived than their wild-type siblings (Migliaccio et al., 1999) , and are less susceptible to systemic and tissue oxidative stress when fed a high fat diet (Napoli et al., 2003) . Therefore, if the expression of ShcFFF interfered with p66Shc function, we might expect cells in the developing brain to be resistant to apoptosis, which may lead to the opposite phenotype of what we have observed.
ShcFFF expression could also interfere with endogenous functions of other Shc family members, ShcB and ShcC. In the brain, both ShcB and ShcC are expressed at low levels during embryonic development and are expressed in mature neurons throughout multiple regions of the adult brain (O'Bryan et al., 1996; Pelicci et al., 1996; Conti et al., 1997; Nakamura et al., 1998; Ponti et al., 2005) . Our data show that the increase in apoptosis in ShcFFF mice affects neural progenitors and not differentiating or mature neurons. Additionally, ShcB and double ShcB/ShcC knock-out mice have very subtle defects in the brain that do not affect its size (Sakai et al., 2000) . Hence, these results predict that any interference in ShcB and/or ShcC function would be mild and would not lead to microencephaly.
Moreover, the spatial and temporal pattern of apoptosis in ShcFFF mice is consistent with the expression of endogenous ShcA protein. Additionally, the microencephaly observed in conditional ShcA knock-outs indicates that expression of the ShcFFF transgene can phenocopy removal of brain-specific ShcA function. Together, these data suggest that the phenotype seen by expressing ShcFFF in neural tissue results from interfering specifically with ShcA function.
ShcA functions in neural progenitor survival signaling
We considered several possibilities for the cause of the ShcFFF microencephaly phenotype. First, the disruption of ShcA could interrupt proliferation, as previous hypotheses have suggested. Second, disturbing ShcA function could cause a premature neuronal differentiation. Additionally, interference with ShcA function may disrupt survival pathways, causing increased apoptosis. Alternatively, the increase in apoptotic cells in ShcFFF embryonic brains could be caused by an interruption in the phagocytic clearance of dead cells, leading to an accumulation of apoptotic cells.
Based on our data, there are no observed differences in either proliferation or differentiation between ShcFFF animals and their littermate controls. In addition, delaying the phagocytic clearance of dead cells would not account for the major reduction in brain size. Indeed, the most likely cause for the smaller brains in ShcFFF animals is the observed increase in apoptosis of neural progenitors during embryonic development. Such an increase in progenitor apoptosis would not only remove these cells from the neural progenitor population and prevent them from differentiating further but would further reduce the pool of transiently amplifying progenitor cells. The ShcFFF phenotype is reminiscent of those results obtained from mice irradiated during specific stages of embryonic development (Kitamura et al., 2001) . These mice were microencephalic, with increased levels of CC3-positive cells in their brains, in addition to a moderate decrease in body weight.
Our data therefore suggest that ShcA functions in neural progenitors as part of a prosurvival pathway. Such a pathway may use neurotrophin receptors, such as the Trk family, which regulate survival signaling of neural progenitors in vitro (Barnabe-Heider and Miller, 2003) and signal through the mitogen-activated protein kinase kinase (MEK)/ERK or PI3K/ Akt pathways to elicit a prosurvival response. Additionally, in various cell types, ShcA is a part of the activated ERK pathway via EGFR (epidermal growth factor receptor) and Grb2/Sos in response to reactive oxygen stress (Huang et al., 1996; Rao, 1996; Sattler et al., 2000) , which leads to phosphorylation and inactivation of the proapoptotic protein Bad via p90Rsk, a target kinase of ERK (Bonni et al., 1999; Eisenmann et al., 2003; Chen et al., 2005) . Thus, in the absence of a survival signal through ShcA, the apoptotic pathway may proceed unrestrained in neural progenitors, thereby leading to the widespread activation of caspase proteins and hence apoptosis.
Additional evidence that the Ras3 Erk pathway is critical for brain development comes from the recent discovery that cardio-facio-cutaneous syndrome, characterized in part by mental retardation and macrocephaly (Kavamura et al., 2002) , is caused by mutations in either B-Raf, MEK1, or MEK2 (Rodriguez-Ficiana et al., 2006) . These mutations lead to increased activity of the Ras/Raf/MEK/ERK pathway when transfected in vitro. Thus, precise control of the activity of Ras3 ERK signaling appears to be critical for normal brain development.
Cortical organization in the ShcFFF brain
A burst of apoptotic activity during a short period of neurogenesis predicts subsequent consequences on cortical lamination during later development. The mammalian cortex forms "inside-out" with the earliest born neurons occupying deeper layers in the brain and later born neurons in more superficial layers (Kubo and Nakajima, 2003) . Therefore, increased neural progenitor apoptosis at E12 would result in a reduction of later born neurons impacting the thickness of cortical layers II through IV more so than earlier born, deeper neurons. This is exactly what we observed in ShcFFF animals.
In ShcFFF embryos, apoptosis is first seen in the caudal region of the brain at E10 with little apoptosis observed in rostral regions of the brain but is then high in both regions by E12. The localization of apoptotic cells within the brain varies between each region as well. In the frontal cortex, apoptotic cells are located from the middle of the cortex to the pial surface, whereas apoptotic cells in the pons are located in the periventricular zone. Because neuronal cells undergo differentiation as they migrate away from the ventricular layer toward the pial surface and neurogenesis proceeds in a caudal to rostral gradient, the distribution of apoptotic cells may simply reflect the major migratory routes of progenitors within each brain region.
Apoptosis and human microencephaly
The ShcFFF microencephaly phenotype is also reminiscent of some human microencephaly disorders. Human primary microencephaly, clinically defined as a reduction in head circumference greater than three SDs from the age-and sex-matched population mean, is caused by a reduction of brain growth in utero and is thought to result from insufficient production of neurons during neurogenesis (Woods, 2004) .
The apoptotic phenotype in ShcFFF mice suggests an alternative mechanism for some forms of human microencephaly. To date, all six of the nonsyndromic primary microencephaly disorders in humans have been mapped, and none of their chromosomal locations coincides with the location of human Shc1 at 1q21 (Huebner et al., 1994; Yulug et al., 1995; Jamieson et al., 1999; Roberts et al., 1999; Moynihan et al., 2000; Jackson et al., 2002; Bond et al., 2003; Leal et al., 2003) . Although four of these disorders are associated with mutations in genes (MCPH1/Microcephalin; MCPH3/CDK5RAP2; MCPH5/ASPM; MCPH6/CENPJ) encoding proteins that are thought to affect the normal progression of the cell cycle in neural progenitors (Jackson et al., 2002; Bond et al., 2003 Bond et al., , 2005 Kumar et al., 2004; Trimborn et al., 2004; Xu et al., 2004) , the etiology and molecular identity of the remaining two primary disorders and of the numerous secondary, syndromic microencephaly disorders are unknown.
In conclusion, our work establishes that ShcA has a previously unforeseen role in the survival of neural precursors during embryogenesis. Uncontrolled neuroprogenitor apoptosis may provide an alternative mechanism for some forms of human microencephaly, possibly implicating ShcA or other members of its signaling complex. 
